Background: Alcohol consumption has been suggested to increase risk of breast cancer through a mechanism that also increases mammographic density. Whether the association between alcohol consumption and mammographic density is modified by background breast cancer risk has, however, not been studied.
To our knowledge, the influence of background breast cancer risk on the association between alcohol consumption and mammographic density has not been studied. We therefore investigated the association between alcohol consumption and volumetric mammographic density and the potential effect measure modification by the Tyrer-Cuzick breast cancer risk in 53 060 Swedish women.
MATERIALS AND METHODS
Study population. The KARolinska MAmmography Project for Risk reduction of Breast Cancer (KARMA) is a population-based prospective cohort study of women attending one of four Swedish mammography units in the national mammography screening program in Sweden. The participants responded to a web-based questionnaire covering information on breast cancer risk factors. Raw and processed full-field digital mammograms have been stored.
Women within the age range for mammography screening in Sweden, that is, 40-74 years, and had a baseline mammogram (n ¼ 67 388) were included. Women were excluded if they had missing information on body mass index (BMI; n ¼ 3238), previous cancers other than non-melanoma skin cancer (n ¼ 4486), breast surgery (n ¼ 3363), recent pregnancy (n ¼ 49), a mammogram from only one breast (n ¼ 1892), or incomplete alcohol consumption data (n ¼ 909). Women reporting more than 40 bottles of beer per week (n ¼ 4) or had an alcohol consumption of 440 g per day (n ¼ 387) were considered as 'outliers' and excluded. The final analyses included 53 060 women.
The ethical review board at the Karolinska Institutet approved the study. Written informed consent was obtained from each participant.
Mammographic density measurement. Mammograms were obtained using full-field digital mammography systems. We used raw mammograms from the mediolateral oblique view, which is the routine projection during mammography screening in Sweden.
Volumetric mammographic density was measured using the fully-automated Volpara method. Technical details of the method has been described elsewhere (Highnam et al, 2010) . Briefly, the algorithm computes the thickness of dense tissue at each pixel using the X-ray attenuation of an entirely fatty region as an internal reference. The absolute dense volume (cm 3 ) is calculated by integrating the dense thickness at each pixel over the whole mammogram, and the total breast volume (cm 3 ) is obtained by multiplying the breast area by breast thickness, with an appropriate correction at the breast edge. Per cent dense volume (%) is calculated as the ratio of these two measures. For analyses, we calculated the mean mammographic density of the left and right breasts. We have recently shown that Volpara density measures are highly correlated with those of Cumulus method (Brand et al, 2014) and predict risk of breast cancer (Brand et al, 2014) .
Assessment of exposure. Alcohol consumption was assessed using a web-based self-administered questionnaire based on the validated food frequency questionnaire MiniMeal-Q (Christensen et al, 2013) . The participants provided information on frequency and amount of beverages consumed at least once per month during the months before study entry.
Daily alcohol consumption (g per day) was calculated for each beverage by multiplying the frequency with the amount and the ethanol concentration of the beverage. The beverage-specific ethanol concentration was based on a report from the Swedish National Food Agency (2014). For beer with different alcohol contents, the ethanol concentrations ranged from 2.8 to 6.4 g per 100 ml. For different types of wine, the ethanol concentrations ranged from 9.5 to 9.9 g per 100 ml. The ethanol concentration of spirits was calculated as 28.1 g per 100 ml, which was the averaged ethanol concentration of the 10 hard liquors available in the nutrient database. Alcohol consumptions from all beverages were summed into total alcohol consumption. Non-drinkers were defined as women who reported no drinking or drinking less than once per month.
Covariates. The self-reported questionnaire includes extensive information on factors suggested to be related to mammographic density and alcohol consumption. Factors used for adjustment are described in 'Statistical analyses' section. Women reporting menstruations in the 12 months before study entry were considered premenopausal. Those who had no menstruations over the past year or reported oophorectomy were considered postmenopausal. Women with missing menstruation status or having no menstruations because of gynaecological surgery other than oophorectomy were considered premenopausal if they were p55 years or postmenopausal if 455 years. The individual risk of developing breast cancer in the next 10 year was calculated using the Tyrer-Cuzick prediction model (Tyrer et al, 2004) . The model incorporates information on family history of breast cancer and personal characteristics including age at menarche, parity and age at first birth (if parous), age at menopause (if postmenopausal), proliferative benign breast disease, atypical hyperplasia, lobular carcinoma in situ, height, and BMI.
Statistical analyses. We used linear regression to study the association between alcohol consumption (exposure) and absolute and per cent dense volumes (outcomes). We considered two exposure definitions: continuous and categorised alcohol consumption. For the latter, alcohol consumption was categorised in accordance with a previous large cohort study (Chen et al, 2011) , as 0 (non-drinkers), 0.1-4. 9, 5.0-9.9, 10.0-19.9, 20-29.9 , and 30.0-40.0 g per day. For both exposure definitions, we fitted two models: one unadjusted and one adjusted for covariates. The following covariates were included in the adjusted models as categorical variables: age at mammography screening, BMI, family history of breast cancer in mother or sisters, age at menarche, parity and age at first birth, oral contraceptive use, menopausal status, hormone replacement therapy (HRT) use, education level, smoking status, physical activity, and ethnicity (see the footnote in Table 2 ). As a sensitivity analysis, we also fitted the models using age, BMI, age at menarche, and physical activity as continuous variables. These analyses produced similar results (data not shown).
We calculated P-values for testing the null hypothesis of no exposure-outcome association, referred to as 'P trend ' (1 d.f.) and 'P global ' (5 d.f.) for the continuous and categorised exposure models, respectively.
To study the dose-response pattern in closer detail, we refitted the adjusted model for absolute dense volume using natural cubic splines (De Boor, 2001 ). These splines model the influence of alcohol consumption as a sequence of third-degree polynomials, which are forced together at prespecified 'knots'. We used two knots: one at 10.0 g per day and one at 20.0 g per day. To obtain an adjusted exposure-response curve, we used the fitted spline model to calculate standardised means (Rothman et al, 2008) . This method averages the predicted (from the model) absolute dense volumes for all individuals, replacing the observed alcohol consumption for each individual with a fixed level, taken to be 5.0 g per day. If there are no unmeasured confounders, then the obtained standardised mean can be interpreted as the mean absolute dense volume in a population where everybody has an alcohol consumption of 5.0 g per day. The procedure is then repeated for different levels of alcohol consumption to produce an adjusted exposure-response curve.
To investigate the potential effect measure modification by the Tyrer-Cuzick 10-year breast cancer risk, we refitted the regression models stratified by breast cancer risk. We categorised TyrerCuzick 10-year risk based on established cut-points (Evans et al, 2013) . The cut-point for the highest risk group was, however, set as X5.0% to have sufficient numbers for stratified analyses. TyrerCuzick risk was thus categorised as o3.0, 3.0-4.9, and X5.0%. A formal test for interaction was performed by adding a product term between alcohol consumption and breast cancer risk into the nonstratified models.
To study the dose-response pattern within levels of breast cancer risk, we refitted the spline models including a product term between alcohol consumption and risk.
We used two-sided tests with 5% significance level. To avoid assuming normally distributed error terms and homoscedastic variance of the outcomes, we used robust 'sandwich' standard errors in confidence intervals (CIs) and P-values (Newey and McFadden, 1994) . The statistical software R version 3.1.0 was used for analyses.
RESULTS
The mean age at mammography screening was 54.8 (s.d. 9.7) years and the mean BMI was 25.2 (s.d. 4.2) kg m À 2 (Table 1 ). Approximately 54% of the participants were postmenopausal and 5.4% of them reported currently using HRT. A majority (84.7%) of the participants had used oral contraceptives. The mean absolute dense volume was 62.8 cm 3 (95% CI, 62.6-63.1) and the mean per cent dense volume was 9.1% (95% CI, 9.0-9.1). Compared with non-drinkers, alcohol consumers were older, of lower BMI, higher education levels, more likely to have used oral contraceptives, to be current HRT users, smokers, and less physically active.
Women with the highest (X5.0%) Tyrer-Cuzick 10-year breast cancer risk were older, had a higher BMI, were older at first birth, more likely to be nulliparous, to have a family history of breast cancer, to be postmenopausal, and to be current HRT users (Supplementary Table S1 ) as compared with women with low (o3.0%) Tyrer-Cuzick risk.
Overall, increasing alcohol consumption was associated with higher absolute and per cent dense volumes after adjustment for potential confounders (Table 2) . Women drinking 30.0-40.0 g per day of alcohol had an estimated 4.5 cm 3 (95% CI, 2.2-6.8) higher absolute dense volume compared with non-drinkers. When alcohol consumption was used as a continuous exposure, each additional 10.0 g per day of alcohol was associated with 0.9 cm 3 (95% CI, 0.5-1.3) increase in absolute dense volume. Alcohol consumption was also associated with higher per cent dense volume. Women drinking 30.0-40.0 g per day of alcohol had 0.5% (95% CI, 0.2-0.8) higher per cent dense volume compared with non-drinkers. Moreover, each additional 10.0 g per day of alcohol was associated with an increase of 0.1% (95% CI, 0.02-0.1) in per cent dense volume. Figure 1 shows the dose-response relationship between alcohol consumption and absolute dense volume, together with 95% pointwise CIs (dashed line), among all women. The mean absolute dense volume would have been 62.4 cm 3 (95% CI, 61.9-63.0) had all women been non-drinkers, and 67.9 cm 3 (95% CI, 65.0-70.8) had all women had an alcohol consumption of 40 g per day, assuming no unmeasured confounders.
After taking the Tyrer-Cuzick 10-year breast cancer risk into account, the association between alcohol consumption and absolute dense volume became stronger in women with the highest (X5.0%) Tyrer-Cuzick risk (P interaction ¼ 0.003; Table 3 ). Within high-risk women, as compared with non-drinkers, the estimated increase in absolute dense volume in women consuming 5.0-9.9, 10.0-19.9, 20.0-29.9, and 30.0-40.0 g per day of alcohol was 2.6 cm 3 (95% CI, 0.2-4.9), 2.9 cm 3 (95% CI, À 0.6 to 6.3), 4.6 cm 3 (95% CI, 1.5-7.7), and 10.8 cm 3 (95% CI, 4.8-17.0), respectively. This corresponded to an increase of 2.4 cm 3 (95% CI, 1.4-3.5) in absolute dense volume for each additional 10.0 g of alcohol consumed per day. There was a borderline statistically significant association between alcohol consumption and absolute dense volume among women at low (p3.0%) Tyrer-Cuzick risk, as evaluated by the trend test (P trend ¼ 0.05). No association was found between alcohol consumption and absolute dense volume among women with moderate (3.0-4.9%) Tyrer-Cuzick risk. We found no indication of interaction between alcohol consumption and breast cancer risk regarding per cent dense volume (P interaction ¼ 0.52; data not shown). Figure 2 shows the dose-response relationship between alcohol consumption and absolute dense volume for those with o3.0% (green solid line), 3.0-4.9% (blue solid line), and X5.0% (red solid line) breast cancer risk. There is clear modifying effect by background breast cancer risk, with considerably steeper dose-response curves for women with high risk compared with women with low and moderate risk.
DISCUSSION
In the present study, we found increasing alcohol consumption to be associated with higher absolute and per cent volumetric mammographic densities. Intriguingly, we observed a clear interaction between alcohol consumption and the background risk of breast cancer according to the Tyrer-Cuzick prediction model, with a stronger association between alcohol consumption and absolute dense volume among women with the highest (X5.0%) Tyrer-Cuzick 10-year breast cancer risk. A borderline statistically significant association was seen among women at low (p3.0%) Tyrer-Cuzick risk, but no association was found among women at moderate (3.0-4.9%) Tyrer-Cuzick risk.
Breast cancer is the most common form of cancer occurring in women worldwide, with nearly 1.7 million new diagnoses in 2012 (Ferlay et al, 2014) . Most of the established risk factors of breast cancer, such as having a family history of breast or ovarian cancer, early age at menarche, and number of births, are difficult to influence, thus making primary prevention of breast cancer a major challenge. Among the few modifiable factors associated with breast cancer, alcohol consumption has long been shown to increase the risk (Smith-Warner et al, 1998; Singletary and Gapstur, 2001; Chen et al, 2011) . Every 10 g of alcohol consumed per day has been associated with 12% increase in breast cancer risk (Allen et al, 2009) .
It is important to note that in all prior studies mammographic density was assessed using area-based methods, whereas we used volumetric measures of mammographic density. Volumetric measures take into account breast thickness, and hence are expected to better reflect the actual amount of fibroglandular tissue in the breast. Therefore, it is particularly challenging to make direct comparisons between our findings and others. However, our result of an association between alcohol consumption and per cent mammographic density is consistent with most previous studies (Vachon et al, 2000a; Flom et al, 2009; Cabanes et al, 2011; Voevodina et al, 2013) , showing that women with high alcohol intake have higher per cent dense area compared with non-drinkers. A few studies did not observe this finding, perhaps because of limited sample size (Maskarinec et al, 2006) or low alcohol intake (Maskarinec et al, 2006; Qureshi et al, 2012) . Two studies on alcohol consumption and absolute density have been conducted before ours. One of them supported our findings (Brand et al, 2013) , but not the other (Qureshi et al, 2012) , possibly because few women consumed higher amounts of alcohol (defined as X10 g per day). Per cent mammographic density has been established as one of the strongest risk factors of breast cancer. In addition, a strong association between absolute mammographic density and breast cancer risk has also been shown (Vachon et al, 2007; Pettersson et al, 2014) . Absolute mammographic density reflects the amount of fibroglandular and connective tissue in the breast, and therefore the number of breast cells susceptible to malignant transformation.
To our knowledge, this is the largest study that has examined the association between alcohol consumption and mammographic density. This study is based on a unique and rich data set with information on several breast cancer risk factors, permitting the calculation of breast cancer risk using the Tyrer-Cuzick prediction model. Additional strengths are the population-based setting and the fully automated volumetric Volpara method, thus reducing possible misclassification of mammographic density (Vachon et al, 2000b; Maskarinec et al, 2006; Flom et al, 2009; Cabanes et al, 2011; Qureshi et al, 2012; Voevodina et al, 2013) . Moreover, we used a comprehensive and validated questionnaire for assessing alcohol consumption. Percentage of women with missing data on age at menarche (2.1%), parity status (0.2%), age at first birth (0.2%), family history of breast cancer (3.5%), education level (0.3%), OC use (1.2%), HRT use (6.8%), smoking status (0.3%), physical activity (3.7%), and ethnicity (0.4%).
A limitation of our study is its cross-sectional design, which does not allow us to rule out reverse causation between alcohol consumption and mammographic density. However, it is unlikely that high mammographic density would induce higher alcohol consumption. Although self-reported alcohol consumption is prone to misclassification, particularly under-reporting, such bias would most likely be non-differential as women are typically not aware of their mammographic density.
Alcohol has been shown to influence circulating sex hormones in both premenopausal and postmenopausal women (Reichman et al, 1993; Dorgan et al, 2001) , possibly through increased aromatase activity (Purohit, 2000) and expression (Monteiro et al, 2009) , prolonged hepatic clearance of oestrogens (Ginsburg et al, 1995) , and/or increased oestrogen receptor expression and signalling (Fan et al, 2000) . Sex hormone levels have been shown to affect mammographic density (Boyd et al, 2011; Cuzick et al, 2011) and a dose-response relationship between alcohol consumption and breast cancer risk has repeatedly been described (Smith-Warner et al, 1998; Singletary and Gapstur, 2001; Chen et al, 2011) .
The Tyrer-Cuzick prediction model includes several hormonal factors that are associated with a woman's cumulative sex hormones exposure, such as parity, age at menarche, age at first childbirth, and age at menopause (Tyrer et al, 2004) . We found women at higher Tyrer-Cuzick risk of breast cancer to have a stronger association between alcohol consumption and mammographic density than women at low or moderate risk. Ingestion of 0.7 g alcohol per kg body weight has been reported to be associated with a three-fold increase in oestradiol levels in women on HRT, but not in non-HRT users (Ginsburg et al, 1996) . Furthermore, alcohol consumers who also use HRT have been found to have a more pronounced increase in breast cancer risk compared with consumers not using HRT (Chen et al, 2002; Nielsen and Gronbaek, 2008) , suggesting that the effects of alcohol on breast carcinogenesis could be stronger in the presence of sex steroid hormones.
High volumetric mammographic density, measured using the Volpara method, has been associated with an increased risk of breast cancer among KARMA participants (Brand et al, 2014) . Based on these results, women in the present study who consumed 30.0-40.0 g per day (3.0-4.0 drinks per day) had an estimated increase of B8.7% in relative breast cancer incidence rate as compared with non-drinkers.
In this study, women at high Tyrer-Cuzick breast cancer risk who consumed larger amounts of alcohol had higher absolute mammographic density, and thereby likely have a higher risk of breast cancer than non-drinking women at lower Tyrer-Cuzick risk. Higher density also increases the risk of 'masking bias' leading to a false-negative result at mammography screening. Our results highlight the notion that women at high background risk of breast cancer should consider lowering their alcohol consumption to reduce mammographic density, and thereby breast cancer risk and the negative impact on mammographic sensitivity. 
Regression coefficients were adjusted for age at mammography (5-year categories), body mass index (o25.0, 25.0-29.9, and X30.0 kg m À 2 ), family history of breast cancer in mother or sisters (yes, no), age at menarche (o13, 13, 14, and X15 years), parity and age at first birth (nulliparous; 1-2 births, age at first birtho26 years; 1-2 births, age at first birth X26 years, X3 birth; age at first birth o26 years; X3 births, age at first birth X26 years), oral contraceptives use (never, ever), menopausal status (pre/postmenopausal), hormone replacement therapy use (never, past, current), education level (secondary school, high school, university or higher, other), smoking status (never, past, current), physical activity (o40.0, 40.0-44.9, 45.0-49.9, and X50.0 metabolic equivalent hours per day), and ethnicity (having a European ancestry; yes or no).
b Pglobal values were obtained from regression models using alcohol consumption as a categorical exposure.
c Change in absolute dense volume for every 10 g per day increase in alcohol consumption, from regression models with alcohol consumption as a continuous exposure.
d
Ptrend values were obtained from regression models using alcohol consumption as a continuous exposure. In conclusion, this is the first study evaluating the influence of background breast cancer risk when determining the effect of an established risk factor, alcohol consumption, on mammographic density. If confirmed, our findings have the potential to influence future risk counselling. Regression coefficients were adjusted for covariates as listed in the footnote of Table 2 .
b P global values were obtained from regression models using alcohol consumption as a categorical exposure.
d
P trend values were obtained from regression models using alcohol consumption as a continuous exposure. 
